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ABSTRACT	  	  Estuarine	  Response	  to	  Disturbance:	  A	  Holocene	  Record	  of	  Storm	  Episodes	  and	  Seismicity	  as	  Preserved	  in	  Coastal	  Systems	  	  by	  	   Dillon	  James	  Osleger	  	  
Southern California is highly susceptible to hazards related to seismic activity and 
storms linked with El Niños and Atmospheric Rivers. These hazards are capable of 
incurring flooding, debris flow, coastal inundation, and rapid coastal erosion. 
Although much work has been done using lacustrine and deep marine sediment 
records to reconstruct the frequency of these past events, coastal records from lagoons 
and estuaries are less well documented. Here we present detailed sedimentologic and 
geochemical analysis of sediment cores, constrained by radiocarbon dates, from two 
estuarine/lagoon systems from coastal Southern California, Campus Lagoon and Las 
Salinas Lagoon. Our results record multiple occurrences of marine inundation thought 
to record storms of similar or greater magnitude as the catastrophic winter storms of 
1861-1862. At least three of these events occurred pre 149 calibrated years before 
present (CYBP), one between 149 and 397 ± 22, two between 397 ± 22 and 617 ± 
105 CYBP, and three between 1050 ± 200 and 3400 ±190 CYBP. These events 
establish a historic recurrence interval of ~660 years, and a post 2000 CYBP interval 
of 320 years, comparable to other California records. However, two of these pre-1 ka 
events may be the result of tsunami washover rather than storm washover as they 
correlate to large magnitude seismic earthquakes along the Pitas Point fault at 1050 ± 
200 and 2250 ± 300 CYBP. A simultaneous environmental shift from an open lagoon 
to barrier-lagoon is observed in both lagoons at 4300 ± 250 CYBP that is interpreted 
	   vi	  
to represent the onset of beach progradation in the Santa Barbara Channel in response 
to slowing sea-level rise. 
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1) Introduction 
Predictions of future climate change in a warming environment suggest greater 
climate variability and amplitude (Noren et al., 2002; Kennett et al., 2007; Shields 
and Kiehl, 2016). This shift in climate variability may be expressed by an increase in 
severity of catastrophic events, including droughts and high-intensity storms (Neiman 
et al., 2013; Dettinger, 2011).  Assessment of future climate variability within this 
region is dependent on a baseline of past events under varying climates. Existing 
records of past droughts and severe storms have been constructed on a range of time 
scales, including historical records (Engstrom, 1996), marine sediment cores (Hendy 
et al., 2013), dendrochronology (Hurteau et al., 2007), and lacustrine records (Bird 
and Kirby, 2006; de Jong et al., 2006; Osleger et al., 2009; Dingemans et al., 2014; 
Kirby et al., 2010). Southern California are also potentially susceptible to tsunamis 
(Borrero et al., 2004; Ryan et al., 2015) associated with large (Mw > 7) earthquakes, 
which may leave a sedimentologic signature comparable to that of storm washover 
(Morton et al., 2007). These archives provide a look at the impact of such severe 
storms and seismic events on the broader region, but few datasets exist regarding how 
these hazards impacted the most heavily populated parts of southern California – its 
coastline (Ejarque et al., 2015; Kirby et al., 2007; Reynolds, 2018).  
 Campus Lagoon on the University of California Santa Barbara (UCSB) campus 
and Las Salinas Lagoon (now the Andree Clark Bird Refuge) in the city of Santa 
Barbara are investigated in this study in order to better determine the frequency of 
past catastrophic events including severe storms and tsunamis. The objective of this 
1	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investigation is to determine environmental changes recorded within lagoon systems 
along the Santa Barbara coastline through the mid- to late Holocene. Two specific 
research questions are addressed regarding hazards that impacted this system over the 
Holocene: A) What is the frequency of severe storm events recorded within the 
sedimentological record? B) Is evidence for tsunamis found within these systems?  
 
1.1) Regional Setting 
Campus and Las Salinas lagoons are located along the east-west trending 
mesotidal coastline of the Santa Barbara Channel of Southern California in the city of 
Santa Barbara (Figure 1). The region lies within the Santa Barbara Fold and Thrust 
Belt (SBFTB), which is a series of east-west trending folds and faults resulting from 
contraction in response to the geometry of the San Andreas Fault (Keller and Gurrola, 
2000; Keller and DeVecchio, 2013). Marine terraces surrounding the study sites are 
indicative of high uplift rates along one or more of the structures underlying the Santa 
Barbara area (Gurrola et al., 2014).  
The study area lies within the Santa Barbara Littoral Cell, one of the five major 
littoral cells of the Southern California Bight (Inman et al., 2005). Littoral cells, 
natural compartments that occur on all coasts, contain the sources, transport paths, 
and sinks of sediment (e.g. Inman et al., 2005 Masters, 2006). Sediment is brought 
into the Santa Barbara littoral cell by streams and rivers with sea cliffs providing a 
minor contribution (Patch and Griggs, 2006). This sediment flux is dependent on 
precipitation and streamflow, with its redistribution reliant on prevailing wave 
direction and longshore currents.  
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Campus Lagoon 
Currently, Campus Lagoon is largely isolated from terrestrial input with no 
connection to any sizable stream.  Its dendritic shape may be a reflection of a more 
substantial former stream network sourced from a larger drainage basin during the 
Quaternary subsequently removed by bluff erosion or cutoff by uplift along the More 
Ranch Fault.  Prior to modification, its mouth opened to the ocean, which may have 
been blocked at times by the buildup of a bay-mouth bar as seen in T-sheets from 
1852 (San Francisco Estuary Institute). The lagoon lies to the south and within the 
hanging wall or upthrown side of the More Ranch Fault (Figure 2) and to the north of 
the north-dipping Red Mountain and Pitas Point faults (Figure 1). 
Las Salinas Lagoon 
Prior to modification, Las Salinas Lagoon was fed from the north by Sycamore 
Creek (Tsheet: San Francisco Estuary Institute), providing a terrestrial connection 
with the Santa Ynez Mountains. Prior to anthropogenic modification, this creek likely 
drove canyon incision during the Last Glacial Maximum.  The river valley backfilled 
to form Las Salinas Lagoon as RSL rose during the Holocene similar to other last 
glacial maximum incised valleys (Masters and Flemming, 1983). Las Salinas Lagoon 
is located in a subsiding synclinal basin bound to the west by the Mesa Fault to the 
east by the Santa Barbara Cemetery Fault and to the north by the Mission Ridge Fault 
(Figure 3) (Dibblee, 1966; Gurrola et al., 2014). Las Salinas Lagoon is also located to 
the north of the north-dipping Red Mountain and Pitas Point Faults (Figure 1).  
 
2) Background 
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2.1) Atmospheric Rivers 
Atmospheric Rivers (AR) are concentrated zones of horizontal water vapor 
transported across mid-latitude regions (Zhu and Newell, 1998) commonly resulting 
in orographic precipitation that triggers premature snowmelt, river flooding, and 
landslides (Dettinger et al., 2011). Along coastlines, ARs commonly produce strong 
winds and low-pressure conditions (Ralph et al., 2006; Waliser and Guan, 2017) 
conducive to high surf and coastal inundation. Reynolds et al. (2018) have shown that 
a series of AR storms that struck the California coast in the winter of 1861-1862 
resulted in not only inland river flooding throughout Southern California (Engstrom, 
1996), but also significant coastal inundation and overwash within Carpinteria 
Slough, a southern California marsh. Overwash from the 1861-1862 storm left a sand 
bed up to 50 cm thick extending over 450 m inland from the coastline (Reynolds et 
al., 2018). However, the depositional conditions at Carpinteria Slough do not allow 
for the recording of older storms and little is known about the frequency of coastal 
inundation by such events. 
Weather patterns in the coastal Southwest United States, specifically high volume 
precipitation events like AR storms, are driven by sea surface temperatures (SST) of 
the Pacific Ocean and atmospheric circulation (Pyke and Bedell, 1972; Trenberth and 
Hurrell, 1994; Namias et al., 1988). The frequency of storms in the coastal Southwest 
US, including AR storms, are more frequent during periods of colder than average 
SST in the Northeast Pacific, which drive a southerly depression in the polar jet 
stream (Namias et al., 1988; Fye et al., 2009; Cook et al., 2011; Kirby et al., 2012). 
El-Niño-Southern Oscillation (ENSO) and the Pacific Decadal Oscillation (PDO), 
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which play major roles in driving SST fluctuations and thus the amount of winter 
precipitation received across the coastal Southwest US (Cayan et al., 1999), may play 
a role in governing AR storms. These processes are known to drive higher winter 
precipitation in the coastal Southwest US during El Niño events and positive PDO 
cycles; however, their relationship with the frequency of AR storms is poorly 
understood (Dettinger, 2011; Cook et al., 2011).  
 
2.2) Regional Seismicity 
Recent work by Rockwell et al. (2016) in the SBFTB has identified four Holocene 
uplifted marine terraces thought to have resulted from co-seismic uplift near Pitas 
Point east of the study area (Figure 1). These events triggered 7 to 12 meters of 
discrete uplift, which, based on similar studies comparing discrete uplift to magnitude 
(Rubin et al., 2001), have been argued to represent magnitude 7 or 8 earthquakes 
(Rockwell et al., 2016). Their frequency implies that the western Transverse Ranges 
and the Santa Barbara Basin may experience large magnitude (Mw > 7) earthquakes 
every ~900 yr in response to ruptures on the Pitas Point and Lower Red Mountain 
faults within the SBFTB (Rockwell et al., 2016).  Numerical models suggest that 
these earthquakes have the potential of producing tsunami with heights of 6-8 m 
(Ryan et al., 2015). 
Uplifted marine terraces on the UCSB campus include a 48,000 year-old marine 
terrace at a modern elevation of 14 m and an undated Holocene marine terrace at ~1 
m of elevation (Gurrola et al., 2014). These marine terraces, as well as others across 
the northern Santa Barbara Channel (Upson, 1951) attest to high rates of uplift along 
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one or more structures within the SBFTB (Gurrola et al., 2014; Minor et al., 2009). 
Possible structures responsible for uplift across the study area include the North 
Channel-Pitas Point fault system (NPF) and the Red Mountain fault (RMF) (Johnson 
et al., 2017) (Figure 1). The More Ranch Fault may also contribute to uplift of the 
area around Campus Lagoon (Gurrola et al., 2014).  
Two estimates have been determined for uplift rates of the 48 ka marine terrace: 
1.6 mm/yr based on a comparison between the marine terrace height and regional late 
Pleistocene sea levels (Gurrola et al., 2014), and 0.15 mm/yr based on a comparison 
between the elevation of a Cerithidea californica, an intertidal gastropod, and a 
regional Holocene sea-level reconstruction (Simms et al., 2016). The lack of a mid-
Holocene highstand along the Southern California coast (Reynolds and Simms, 2015) 
suggests the lower Holocene terrace records uplift continuing into recent times. 
However, the elevations and long-term uplift rates of these terraces cannot be used to 
differentiate whether uplift is gradual or results from punctuated episodes of abrupt 
uplift during earthquakes.  
 
 
3) Methodology 
3.1) Core acquisition 
Nine 7.6-cm diameter vibracores ranging from 0.5 m to 4 m in length were 
collected in Campus and Las Salinas lagoons. Two cores were taken from the Andree 
Clark Bird Refuge within Las Salinas Lagoon (Figure 3) and seven cores were taken 
aboard a floating drilling platform from Campus Lagoon on the UCSB campus 
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(Figure 2). Cores were split (with half archived), photographed, described, and 
sampled within the Sedimentology Laboratory at the University of California Santa 
Barbara.  
 
3.2) Textural and Mineralogical analysis 
Cores were described following the methods of Boyles et al. (1986) in order to 
standardize the description of sedimentary units. This method provides guidelines for 
the non-interpretive descriptions of grain size, boundary transitions, color, biologic 
inclusions within sediments, and stratigraphy within a section of either consolidated 
or unconsolidated sedimentary material. Mineralogy was determined by repeated 
point counts of quartz, feldspar, and lithic fragments within 0.5 cm3 samples. Point 
count values were averaged from sets of 5 counts, with each set consisting of 200 
identified grains in the microscope (10x) oculus of a given sample.  
Grain-size analysis was conducted on five cores at 2.5-cm intervals through 
mud/clay deposits and 1-cm intervals through sand deposits. 0.5 cm3 of sediments 
from the cores were mixed with 100 ml of 5.5 g/L sodium metahexaphosphate to 
prevent flocculation of clay particles following pretreatment with 30% H2O2 and 1 N 
HCl at 200oC to 270oC to remove carbonates and organics respectively. The 
pretreated suspended sediments were analyzed using a CILAS1190L particle-size 
analyzer following the methods of Sperazza et al. (2004) to quantitatively determine 
changes in grain size and grading throughout the core.  
 
3.3) Radiometric Dating and Age Model 
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Forty-two charcoal and carbonate samples, including samples taken to bracket 
sharp contacts and large depositional events, were removed for 14C dating analysis. 
Radiocarbon material removal and dating was conducted following the methods 
prescribed by the W.M. Keck Carbon Cycle Accelerator Mass Spectrometry (AMS) 
Laboratory at the University of California Irvine (Olsson and Berglund, 1986).  
All dates were corrected to calibrated years before present (CYBP) using the 
online CALIB program version 7.1.0 in association with the intcal09.14c calibration 
data set (Reimer et al., 2013; Stuiver and Reimer, 1993) for in text dates and within 
the R-model Bchron (Haslett and Parnell, 2008) for ages used within age models. All 
charcoal radiocarbon dates were calibrated using the North American Atmospheric 
curve while carbonate ages were calibrated using the Northern Hemisphere Marine 
Reservoir with a local reservoir correction of 217 14C years made against the global 
marine carbon reservoir of 440 years (ΔR; Stuiver et al., 1998) for all carbonate ages 
due to the influence of fluvial derived organic material in Southern California 
estuaries (Holmquist et al., 2015). 
The statistical Bayesian probability model Bchron (Haslett and Parnell, 2008) was 
used to model age uncertainties.  This method accounts for outliers and interruptions 
(Parnell et al., 2011). For a comprehensive review on the approaches and benefits of 
this program see Scholz et al. (2012). 
 
3.4) XRF and CIA  
X-Ray Fluorescence analysis was conducted on core AC15-01 from Las Salinas 
Lagoon. XRF scans were carried out on 20 cm long mini core sections, cataloguing 
	   9	  
elemental composition every 0.5 cm at the French National Centre for Scientific 
Research by Dr. Ana Ejarque with data provided in corrected weight percent format. 
The suite of data reported in text and figures includes aluminum, sulfur, calcium and 
strontium while additional elements measured can be found in supporting material. 
Elemental data were converted to PPM, normalized to Mole %, and translated to 
chemical index of alteration (CIA) using models originally defined in Nesbitt and 
Young (1982) in order to quantify degrees of silicate weathering. CIA was calculated 
via 
CIA = Al2O3 / (Al2O3 + CaO + Na2O + MgO)*100)   (1) 
to account for burial metasomatism (K+ uptake by clay). CIA has been shown to 
function as a geochemical proxy for mean annual precipitation (Sheldon et al., 2002; 
Gulbranson et al., 2011). This proxy has not yet been used within estuarine or lagoon 
systems, which collect material as a result of weathering, but has been successful on a 
wide temporal range, including paleosols and modern soils (Gulbranson et al., 2011), 
as well as runoff from major rivers in China (Li and Yang, 2010). As few studies 
have used CIA within estuarine environments, we present results from modeling as 
units of weight to mole percent (CIA eq. 1) instead of mm of precipitation, resulting 
in a relative scale of weathering. Here we employ this proxy in a novel setting, 
observing trends with respect to facies to test the hypothesis that deposits interpreted 
to represent intense weathering should coincide with peaks observed in CIA results.  
 
3.5) Carbon and Nitrogen analysis  
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Geochemical analyses of bulk organic fraction were performed on four cores from 
the two coastal systems. These analyses were carried out at a 6-cm sample spacing, 
with a higher sampling interval of ~2 cm at intervals near facies contacts. Intervals 
displaying correlative trends between geochemical and physical data were sampled at 
a finer spacing (~1 cm) in order to better constrain trends. The analysis of total 
organic carbon (TOC) and total nitrogen (TN) was performed through the treatment 
of samples with 1 N HCL for 24 hours to remove carbonates and neutralize residues 
with ultrapure water. Isotopic ratios, δ13Corg and δ15N yields (micrograms) were 
analyzed via Carlo Erba elemental analyzer connected to a Europa Scientific isotope 
ratio mass spectrometer at the Department of Plant Sciences, University of California, 
Davis. C and N yields allowed for the calculation of weight percent C and total N 
within the sample.  Results are presented as weight percent C (%C) and C to N ratios 
(C/N) as these metrics are better suited to interpret source material. 
 External precision for samples, calculated from repeated analysis of a sucrose 
standard (n= 12 δ13Corg of -21.69‰) is better than 0.06‰ for δ13Corg and better than 
1% and 1.5% for C and N content, respectively.  
 
3.6) Subsidence and uplift estimation 
Subsidence and uplift calculations followed the methods outlined in Simms et al. 
(2016). Magnitudes of subsidence and uplift (S) were calculated by subtracting paleo-
relative sea-level elevations derived from C. californica shells in estuarine cores 
(RSL cc) from the regional tectonically-corrected relative sea-level curve (RSL p) of 
Reynolds and Simms (2015). 
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S = RSLp – RSLcc       (2) 
  
NOAA tide gauge 9411340 was used to determine the difference between 
NAVD88 sea level measured by the GPS and local mean sea level.  This offset was 
applied to the elevation of C. californica samples found in cores from Las Salinas and 
Campus Lagoons to determine their relationship to past local mean sea level.  
Past relative sea level represented by the elevation of C. californica in cores 
(RSLcc) was calculated by subtracting the indicative meaning of C. californica (IRcc) 
from the elevation of C. californica specimens in cores (Elcc). Indicative meaning is 
measured as the vertical distance between a datable sedimentary horizon and its local, 
contemporary MSL (Zong and Sawai, 2015). Based on the work of (Sousa, 1983), C. 
californica  is thought to have an indicative meaning of 0.8 ± 0.45 m. 
 
RSLcc = Elcc - IRcc       (3) 
The combined error (Et) for the total magnitude of Holocene subsidence was 
calculated using the equation: 
Et = (Ersl2 + Eobs2) 0.5       (4) 
where Ersl is the error assigned to the regional relative sea-level curve and Eobs is the 
vertical error associated with the RSLcc of each system. Error of Holocene-averaged 
subsidence rates (Er) was calculated by:  
Er =(S/Tcc) * ((ETcc/Tcc) 2 + (Et/S) 2) 0.5     (5) 
where Tcc is the age of C. californica and ETcc is the error in that age. 
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4) Results 
4.2) Sedimentological Analysis 
4.2.1.) Sedimentary Facies 
Six sedimentary facies were identified within the cores studied (Figure 4). These 
include: a muddy silt facies, a modern variant of the muddy silt facies, two distinct 
sand facies, a shell hash facies, and an evaporite facies.  
 
Muddy Silt Facies  
 The most common facies observed in cores from both Las Salinas and 
Campus Lagoons is a muddy silt facies (MSF), a mottled grey to dark brown (10YR 
3/2) clay-rich silt with minor amounts (<10%) of shell and organic material (Figure 
4A). Roots and charcoal are found throughout this facies, with modern roots 
dominating the upper 5cm when the facies is found at the top of cores sampled. Beds 
of this facies range in overall thickness from 10 cm to 140 cm. In both systems this 
facies contains a transition from articulated specimens of Cardiidae bivalves found at 
its base to intact Cerithidea californica, an intertidal gastropod, found farther up 
section. Foraminifera communities within this facies are typically composed of 
Elphidium spp. and agglutinated forms. This facies commonly occurs within the 
upper beds of cores extracted from (pre-artificial development) areas within the 
lagoon environments. Beds of this facies show enrichment in δ13Corg. 
 
Modern Muddy Silt Facies 
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 A variant of the muddy silt facies was found at the top of cores from both 
Campus and Las Salinas Lagoons, consisting of similar sedimentary characteristics, 
but containing modern roots and more organic material than the muddy silt facies. 
Radiocarbon dates from within this facies calibrate to post atmospheric nuclear 
weapons testing, indicating their deposition sometime after 1950.  
 
Sand Facies 1 
 Sand facies 1 (SF1) is composed of a moderately-sorted, bioturbated, grey 
(10YR 5/1) sand (>80%) with little to no clay (Figure 4B). The average D50 for this 
unit is 200 µm while the average D90 is 430 µm. The mineralogical composition of 
the sands within this facies is dominantly quartz (80%) with lithic and feldspar grains 
each composing on average 10% of the grains (Figure 5). Little plant material is 
found within beds of this facies; however, articulated bivalve shells of the species 
Tresus nuttalli are common (1-2 per 20 cm of bed).  
 
Sand Facies 2 
 Sand facies 2 (SF2) is dominantly composed of 10YR 7/2, well-sorted sand 
(>75%) with sparse interspersed thin laminae of silt (Figure 4C&D). Grain-size 
within beds of this facies average 200 µm (D50) with a D90 of 390 µm. 
Mineralogical composition of this facies is dominated by quartz (80%) with lithic and 
feldspar grains comprising 15% and 5% of the sand grains, respectively (Figure 5). 
Marine plant fragments and occasionally shell fragments are observed within this 
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facies (<5%).  Beds (3 in Las Salinas Lagoon and 4 in Campus Lagoon) of this facies 
are found interbedded with facies MSF.  
 
Shell Hash Facies 
 The shell hash facies (SHF) is composed of shell fragments (>60% volume) 
and fecal pellets in a matrix of clayey silt (Figure 4F). Shell fragments within this 
facies are too small and fragmented to identify; however, fecal pellets resemble those 
of intertidal worms prolific in distressed environmental conditions (Shin et al., 2014). 
This facies is only found within core CL16-01 (Figure 6) obtained from the western, 
most inland, portion of Campus Lagoon. The single 22-cm thick bed of this facies is 
found at a depth of 200 cm within core CL16-01 in Campus Lagoon.  
 
Evaporite Facies 
 The evaporite facies (EF) is composed of abundant (>60%) gypsum crystals 
(~250 µm) in a matrix of clayey silt (Figure 4E). This facies is only found within 
cores CL16-1 and CL14-01 obtained from the most-inland portions of Campus 
Lagoon. This facies contains little organic material, lacking plant organic matter, 
foraminifera, bivalves, gastropods, and bioturbation.  
 
4.2.2) Chronology 
Twenty-five radiocarbon ages were obtained from cores in Campus Lagoon 
(Figure 6) and 17 additional ages were obtained from cores from Las Salinas Lagoon 
(Figure 7). The oldest ages in stratigraphic order, 4871 ± 61 CYBP (CL16-01) and 
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4425 ± 41 CYBP (AC15-01), from Campus Lagoon and Las Salinas Lagoon 
respectively, suggest our record spans the last 4.3-4.8 ka.  
The youngest beds of SF2 within Campus Lagoon are found within cores CL13-
02 and CL16-03/04 at a depth of 35 to 55 cm with above and within age brackets 
between 149 ± 48 and 393 ± 22 (Table 2). Another bed of SF2 is found immediately 
below this group at a depth of 105 cm in CL13-02 and 50cm in CL16-03/04 with age 
brackets between 393 ± 22 and 534 ± 76. These beds of SF2 are found in single 
amalgamated packages at a depth of 38 cm in CL14-01, with an age bracketed to 
between 388 ± 41 CYBP 3 cm above its upper contact (35 cm CL14-01) and 607 ± 35 
CYBP a cm below its lower contact (60 cm CL14-01). CL13-01 contains a bed of 
SF2 at a depth of 35 cm in a similar age bracket of 257 ± 30 within and 617 ± 105 
two cm below its lower contact. Core CL13-01 displays two closely spaced beds of 
SF2 between 90 cm and 150 cm, which correlate to an amalgamated bed of SF2 at 
200 cm in CL16-02. These paired beds of SF2 are bracketed by ages of 2581 ± 47 
(110cm CL16-02) and 4425 ± 108 CYBP (250 cm CL16-02), providing a Bchron 
estimated age of 3400 ± 150.  
The transition from MSF to SF1 within the middle lagoon is marked 10 cm above 
the contact by a radiocarbon age of 4425 ± 108 CYBP (CL16-02 250CM). This is 
concurrent with the transition from SHF to SF1 in the back lagoon marked by a 
radiocarbon date from within the bed of SHF (238 cm CL16-01) yielding an age 4473 
± 63 CYBP.  The bed of SHF is further constrained by an age of 4871 ± 61 CYBP 23 
cm below its lower contact (250 cm CL16-01) and an age of 3257±200 CYBP 38 cm 
above its upper contact. 
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Cores AC15-01 and AC15-02 from Las Salinas Lagoon each contain 3 beds of 
SF2.  These beds are found at depths of 75 cm, 180 cm, and 240 cm in core AC15-01 
and depths of 50 cm, 130 cm, and 210 cm in core AC15-02 (Figs 6 and 8). While the 
chronology associated with these cores appears un-correlated when viewed in cross 
section, Bchron age depth models utilizing methods from Wright et al. (2017)  
demonstrate these cores correlate both sedimentologically and chronologically to 
within reasonable error. Bchron age models from both cores provide estimated ages 
of beds at 1050 ± 200 and 2250 ± 300 CYBP and 3400 ± 200 CYBP respectively 
(Supplementary Figure 4). The transition of MSF to SF1 within Las Salinas Lagoon is 
marked by a radiocarbon age of 3597 ± 170 CYBP 5 cm above the transition (AC15-
01 340 cm). 
 
4.2.3) Campus Lagoon Stratigraphic Architecture 
All cores from Campus Lagoon contain a 20-40 cm thick bed of modern MSF 
facies containing plant debris at their tops.  However, beneath that bed, cores from the 
back of the lagoon (CL14-01; CL16-01), the central portions of the lagoon (CL16-02; 
CL13-02), and the lagoon mouth (CL13-01; CL16-03; CL16-04) each contain a 
different succession of facies (Figure 6).  
At the base of core CL16-01 from the back of the lagoon is a 90 cm thick unit of 
bioturbated SF1 that appears to extend into the central lagoon. Above this sand in 
CL16-01 is a 22 cm thick bed of the Shell Hash Facies with a high concentration of 
fecal pellets (Figure 6). This is the only occurrence of this facies in both lagoons. 
Above the Shell Hash Facies in core CL16-01, a 160 cm thick unit of the Evaporite 
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Facies (EF) is found.  A similar Evaporite facies bed is found above SF1 in the other 
core (CL14-01) from the back lagoon. The facies of EF and SF1 in CL16-01 exhibit a 
fining-upward succession (Figure 8). 
 The two cores from the central lagoon (CL16-02 & CL13-02) contain a bed of 
SF1 at their base that likely correlates with the SF1 bed at the base of CL16-01 in the 
back of the lagoon (Figure 6). A thin bed of MSF containing articulated bivalves in 
both cores coarsens upward transitioning sharply into a bed of SF2. Overall, no fewer 
than 3 beds of SF2 are found within the central lagoon.  In core CL13-02, an upper 
bed of SF2 is found at a depth of 20 cm with two additional beds found between 148 
and 183 cm.  The upper bed of SF2 pinches out before core CL16-02 while the two 
lower beds appear to be amalgamated within core CL16-02. The interbedded MSF 
and SF2 beds appear to be the lateral equivalent of the evaporite facies found within 
cores from the back of the lagoon. The bed of SF2 within CL13-02 (100-150 cm) 
contains an internal amalgamation surface. 
The three cores (CL13-01, CL16-03, CL16-04) obtained from the lagoon mouth 
(Figure 6) are composed of no fewer than 9 beds, some separated by internal 
amalgamation surfaces and beds of MSF interbedded with SF2. At least one of these 
beds appears to continue landward and correlate with the upper bed of SF2 in core 
CL13-02 from the central lagoon.  The basal sand (SF1) bed in the back and central 
portions of the lagoon is absent in cores from the lagoon mouth. This unit may be 
present beneath the cores in this section; however, our cores failed to penetrate 
through the thicker upper beds of facies SF2 and MSF. 
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4.2.4) Las Salinas Lagoon Stratigraphic Architecture 
The basal bed(s) of SF1 widespread in cores from Campus Lagoon also occurs at 
the base of both cores from Las Salinas Lagoon (Figure 7). SF1 in LSL is similar not 
only in sedimentologic characteristics as those beds in Campus Lagoon but also in 
age. Beds of SF2 are thicker in core AC15-02 from the more seaward portion of the 
lagoon compared to those of core AC15-01 from the interior of the lagoon (Figure 7). 
In core AC15-01, the upper three sand beds at 90 cm, 195 cm, and 260 cm have 
similar D50 grain size and mineralogical composition; however, the bed at 195 cm 
exhibits normal grading. The thicker sands of SF2 in core AC15-02 are massive and 
uniform, distinct from adjacent units of the Muddy Silt Facies. Beds of SF2 in core 
AC15-01 coincide with decreasing levels of metals (Al, Ti, Fe). The bed of SF2 at 
260 cm exhibits a distinct increase (10x) in sulfur not observed in the other beds of 
SF2 (Figure 9). Overall, facies observed in Las Salinas Lagoon are similar to those 
described in Campus Lagoon, with the exception of SF2. Beds of SF2 described in 
Las Salinas Lagoon contain woody terrestrial plant material not observed in CL as 
well as silt and lithic fragments comprising a greater percentage of their composition 
(Figure 5. QFL in LSL 78, 13, 9. Vs QFL in CL 81, 10, 9.).  
 
 
4.3) XRF analysis 
The elements Al, S, Ca, and Sr are commonly used as proxies for interpreting a 
marine versus terrestrial source of a deposited material. XRF results from core AC15-
01 are simplified to show these four elements of interest (Al, S, Ca, Sr) (Figure 9). 
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Beds of sand facies 2 at depths of 100 cm, 160 cm, and 260 cm show peaks in Ca and 
Sr concentration. A single bed of the muddy silt facies (MSF) at a depth of 20 cm 
displays similar peaks in Ca and Sr concentration to those observed in sand facies 2. 
This peak in a bed of MSF is found within the anthropogenically disturbed upper 30 
cm of the core. A single peak in sulfur is found at 260 cm at the bottom contact of the 
lowest bed of SF2. Aluminum drops below average/peak concentrations coinciding 
with SF2 beds; however, shifts of this cation are less pronounced than shifts in other 
cations, suggesting terrestrial input may only play a minor role in the deposition of 
material within Las Salinas Lagoon compared to marine processes.  
 
4.4) CIA analysis 
 As described in the methods section, CIA results presented here are given as a 
CIA ratio rather than as precipitation in mm because of the uncertainty in using a 
terrestrially-derived conversion to estuarine sediments.  Thus, CIA is interpreted on a 
relative scale and interpreted as a proxy for the influx of weathered material rather 
than precipitation. The CIA model for Las Salinas Lagoon core AC15-01 displays 
peaks at 80 cm and 190 cm as well as a shift to higher values at 330 cm. The two 
peaks observed at 80 cm and 190 cm are both larger in magnitude (13 ± 4.5) than the 
average CIA trend over time; however, the latter of these two has longer and higher 
rising and falling limbs. Both of these peaks correspond with beds of SF2, yet a CIA 
peak does not mark the third bed of SF2. The shift at 330 cm has a value of 25, ~2x 
the magnitude of those observed at 80 cm and 190 cm and corresponds to the 
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transition into facies SF1. The elevated CIA values starting at 330 cm continue 
throughout the rest of core AC15-01.  
 
4.5) Carbon and Nitrogen Analysis 
In 3 cores from Campus Lagoon (CL16-01, CL16-02, & CL13-01), weight 
percent Carbon (%C) ranges from <1 wt% to 5.7 wt% (Figure 10). %C commonly 
exhibits abrupt shifts to lower values within most cm-scale coarse-grained beds, 
contrasting with darker, finer-grained beds, which display high %C values (Figure 
10). Over the sampled interval, C/N weight ratios within cores from Campus Lagoon 
average 13.9, with values ranging between ~3 and ~24. Within Campus Lagoon, 
δ13Corg averages -22‰ and ranges from -10‰ and -25‰. These shifts in δ13Corg to 
less negative (closer to 0) values coincide with the appearance of cm-scale sand beds 
of facies SF2 as well as within the lower portions of MSF. 
 Within core AC15-01 from Las Salinas Lagoon, %C ranges from 0.2 wt% to 
5.8 wt% (Figure 9). %C exhibits abrupt shifts to lower values within cm-scale sand 
beds of facies SF2 against higher values found within darker, fine-grained intervals of 
facies MFS. Over the sampled interval, C/N weight ratios within Las Salinas Lagoon 
average 12.4, with values ranging between ~5 and 34. Within this locality, δ13Corg 
averages -23‰ and ranges from -12‰ to -25‰. Only 1 bed (76 – 90 cm) of sand of 
facies SF2 coincides with a large jump in δ13Corg to less negative (closer to 0) values.  
 Data was further separated into groups based on facies assignment in order to 
compare values of δ13Corg and δ15N from Campus Lagoon and Las Salinas Lagoon to 
values obtained from modern depositional environments in the San Francisco Bay 
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area by Cloern et al. (2002). A cross plot of this data (Figure 11) displays clustering 
of data points associated with MSF, SF2 and SHF to δ13Corg values between -17‰ 
and -24‰ and δ15N values between 5‰ and 8‰. Data points associated with SF1 
have δ13Corg values between -19‰ and -25‰ with some outliers at -8‰ and δ15N 
values between 3.7‰ and 5.5‰. Deposits associated with EF contain δ13Corg values 
of -17‰ and δ15N values of 10.4‰.  
 
4.6) Subsidence and Uplift 
Elevations of C. californica in cores from Las Salinas Lagoon provide late 
Holocene average subsidence rates of 0.278 ± 0.75 mm/yr (Figure 12; Table 3). In 
Campus lagoon, elevations of C. californica average negative rates of subsidence (-
0.1 ± 0.9 mm/yr), indicating potential uplift (Figure 12; Table 3).  
 
5) Discussion  
5.1) Facies Interpretation 
The six sedimentary facies identified in this study are interpreted to represent four 
major depositional environments. Changes in these facies through time are used to 
reconstruct the middle to late Holocene environmental history of Campus and Las 
Salinas Lagoons and provide insights as to how storms and earthquakes affected the 
Santa Barbara Channel coast through the Holocene. These environments include a 
shallow water high-energy lagoon, low energy lagoon, marine washover beds, and a 
coastal mudflat. 
SF1: Shallow Water High-Energy Lagoon 
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The moderate sorting of coarse grains, the presence of ostracods Cytheridae 
beaconensis, prevalence of articulated bivalve shell material including Tresus nuttalli 
species, high CIA values (25), and bioturbation found within Sand Facies 1 (SF1) 
suggest a shallow sandy lagoon and/or subtidal sandflat environment. Deposits of this 
facies are similar to those found in the subtidal areas of the modern Batiquitos 
Lagoon and San Diego Bay (King et al., 2018; Scott et al., 2011). Beds of this facies 
display enriched values of δ15N, suggestive of autochthonous organic matter 
production rather than allocthonous aquatic marine organic matter, which 
traditionally has low δ15N due to N-fixing algae (Page et al., 2008). The cross plot 
comparison (Figure 11) between isotope values from this study and those determined 
to represent modern environments in San Francisco, CA (Cloern et al., 2002) 
categorizes beds of this facies as dominated by estuarine-marine and C4 saltmarsh 
material.  
MSF: Low Energy Lagoon 
The finer grain size of the Muddy Silt Facies (MSF) suggests a low energy 
environment. The presence of foraminifera Elphidium spp., woody organic material, 
and shallow-water mollusk species suggest a protected lagoon or mudflat 
environment.  The transition from articulated Cardiidae at its base to Cerithidae up 
core within this facies suggests the environment shifts from deeper open lagoon to a 
shallow mudflat. The cross plot of δ15N vs δ13C (Figure 11) categorizes beds of this 
facies as dominated by estuarine-marine and mudflat material. 
A modern variant of this facies occurs at the top of cores extracted from within 
the lagoons. This modern MSF contains live roots and radiocarbon ages post 1950. 
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Based on the ongoing recent deposition of this modern MSF within the low energy 
lagoon environment, this environment is interpreted to represent conditions very 
similar to the modern lagoons. 
EF & SHF: Coastal Mudflat 
Found only within Campus Lagoon, the finer grain sizes of the Evaporite Facies 
(EF) suggest a low-energy environment. The presence of evaporite minerals 
displaying granular morphology indicate in situ growth of the gypsum within the mud 
rather than diagenetically occurring post deposition (Casby-Horton et al., 2015). 
These characteristics are indicative of an evaporative mudflat similar to modern 
environments described by Warren (1991). Below the bed of the EF facies in core 
CL16-01 is a distinct bed with fecal pellets and shell hash characterizing the shell 
hash facies (SHF). Shell Hash Facies (SHF) is interpreted to represent deposition 
originating from disturbance of the lagoonal environment. Evidence for disturbance 
includes an abundance of intertidal worm fecal pellet material within the bed of this 
facies and the transition from SF1 to SHF to Evaporite Facies (EF). The cross plot 
comparison (Figure 11) categorizes beds of this facies as dominated by C4 saltmarsh 
material.  
 
5.2) Origin of Sand Beds (SF2) 
The similarity in the sorting and mineralogy (dominantly quartz - ~80%) between 
Sand Facies 2 (SF2) and modern beach deposits suggests the sands of this facies are 
sourced from the beaches or shallow offshore environment (Figure 5). A marine 
source is supported by the presence of shell fragments, the seaward thickening of 
	   24	  
these beds and, within Campus Lagoon, their increasing frequency in the more 
seaward portions of the lagoon (Figure 6).  
Fine silt laminae are found along amalgamation surfaces in beds of SF2 within 
cores from Campus Lagoon. A storm overwash rather than aeolian origin is favored 
based on the range of grain sizes found within this facies.  The grain-size of typical 
aeolian deposits is between 100 and 200 µm (Sun et al., 2002) while that of SF2 and 
beach sands is 200-400 µm. Plant material and shell fragments of Tresus nuttalli are 
observed within these deposits; however, the absence of roots suggests plant material 
is transported into the environment rather than from in-situ development.  
Beds of SF2 display low values of δ15N, which in a lagoonal/marsh system is 
suggestive of allochthonous organic matter rather than autochthonous material, which 
traditionally has higher δ15N due to organic matter derived from C3 plants (Peterson 
and Howarth, 1987). This shift towards allochthonous isotope signatures indicative of 
marine influence, as well as a lack of root material suggests beds of this facies are 
composed of material transported into the lagoon environment too fast for plant 
communities to become established and thus are likely the result of rapid marine 
incursion. The cross plot comparison (Figure 11) between isotope values from this 
study and those determined to represent modern environments in San Francisco, CA 
(Cloern et al., 2002) categorizes beds of this facies as incorporating estuarine-marine 
and soil/sediment material as well as deposition of estuarine marine and benthic 
diatom material in the cases of Las Salinas Lagoon and the seaward part of Campus 
Lagoon (CL13-01) respectively. This occurrence of low δ15N values paired with 
estuarine δ13C values is indicative of benthic diatom material by (Cloern et al., 2002) 
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and was also noted in intertidal flats after storm wave activity (Colijnl and Dijkema, 
1981). SF2 beds are interpreted to represent marine washover due to their lateral 
continuity (Figure 6 & 7), the presence of marine shell fragments and marine organic 
material (kelp). In the case of Las Salinas Lagoon, a decrease in the presence of the 
terrestrial elemental metal aluminum, accompanied by an increase in calcium 
supports a marine washover origin.  
The youngest beds of SF2 in Campus Lagoon range in age between 149 and 617 
CYBP and may correlate to either the 1861-1862 flood (Reynolds et al., 2018) or 
older flood deposits observed in marine cores from the Santa Barbara Basin dated at 
485 and 600 CYBP (Hendy et al., 2013; Du et al., 2018). The oldest bed of SF2 in 
core CL16-02, with a date range between 2581 and 4425 CYBP and a Bchron central 
age of 3400 CYBP, may correlate to the SF2 bed in Las Salinas Lagoon at 3300 ± 
200 as well as a 3400 ± 200 CYBP flood deposit found in marine cores from the 
Santa Barbara Basin (Du et al., 2018). Large-scale, multi-decadal pluvial episodes are 
also recorded in Southern California at these times (Kirby et al., 2012) and may in 
part be related to more frequent AR storms. The presence of older beds of similar 
character, thickness and composition as the 1861-62 storm (Reynolds et al., 2018) 
suggest the storm was not unprecedented, but a reoccurring hazard along the 
California coast.  
While the deepest of the three SF2 beds in Las Salinas Lagoon correlates with 
SF2 found in Campus Lagoon, the youngest two SF2 beds within Las Salinas Lagoon 
do not have equivalents within Campus Lagoon. However, they do overlap in age 
(Figure 13) with large magnitude earthquakes along the Pitas Point Ventura Avenue 
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thrust fault (Rockwell et al., 2016). Distinguishing tsunami and storm deposits is not a 
trivial task (Nanayama et al., 2000; Goff et al., 2004; Shanmugam, 2006; Morton et 
al., 2007). Previous studies have provided several suggestions for how to distinguish 
between these processes; however, these studies rely on modern, spatially relevant, 
examples of tsunami and storm deposits (Morton et al., 2007; Nanayama et al., 2000).  
Distinguishing sedimentary characteristics of beds of SF2 compared to those 
of modern storm wave washover deposits (Morton et al., 2007) include an upwards 
fining, sharp basal contacts, and woody debris (Hutchinson and Clague, 2017) similar 
to tsunami deposits described from the Cascadia subduction zone (Atwater, 1987). 
These differences, especially the occurrence of woody debris as a result of outflow 
entrainment (Nanayama et al., 2000), can be attributed to dissimilarities in the 
hydrodynamics and transport sediment sorting processes between tsunami and storm 
processes (Morton et al., 2007). Beds of SF2 within Las Salinas Lagoon range in 
thickness from < 5 cm to > 30 cm, spanning the entire range of thicknesses 
characteristic of either tsunamis (<30cm) or storms (>30cm) (Morton et al., 2007). 
The two SF2 beds at 1100 ± 200 and 2200 ± 200 CYBP, contemporaneous with 
earthquake events, have thicknesses of 12 and 15 cm respectively suggesting they are 
the result of fewer than 10 overland waves and likely occurring in minutes to hours, 
rather than hours to days (Gelfenbaum and Jaffe, 2003). The overall similarity of the 
two beds of SF2 at 1100 ± 200 and 2200 ± 200 CYBP as well as their coincident 
timing with large earthquake events suggests these beds within Las Salinas Lagoon 
may be the result of tsunamis rather than storm derived washover.  
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Dynamic models from Ryan et al. (2015) suggest the Pitas Point Ventura 
Avenue Thrust Fault has the potential to generate tsunamis between 5 and 6 m in 
amplitude in the Santa Barbara region. According to the model results of (Ryan et al., 
2015), the tsunami should be much larger in Las Salinas Lagoon than either Campus 
Lagoon or neighboring Devereux Slough (7 m versus 3 m), which may explain its 
absence in those two lagoons located farther to the west (Nelson, 2018). However, 
one would expect to find evidence for the tsunami if it occurred in Carpinteria Slough 
to the east of Las Salinas Lagoon and directly onshore from the proposed fault rupture 
(Ryan et al., 2015).  However, studies in Carpinteria Slough provide no evidence for 
marine overwash at this time, despite attempts to identify them (Reynolds, 2018).  
In other systems, such are those in the Cascadia subduction zone described in 
Atwater (1987), tsunami presence and deposition is enhanced by co-seismic 
subsidence. Considering Las Salinas Lagoon’s location within a subsiding synclinal 
basin reflected in its signal of long-term subsidence (Figure 12), accompanied by a 
transition from beds of MSF with shallower water fauna below SF2 beds to deeper 
water fauna within MSF above SF2 beds (Figure 7), may suggest that Las Salinas 
Lagoon subsides co-seismically with the Pitas Point Ventura Avenue Thrust Fault 
(Figure 13); however, the low number of faunal specimens within beds of MSF 
prevents a conclusive test of the co-seismic subsidence hypothesis. 
 
5.3) Santa Barbara Channel climate and geomorphology at significant      
intervals 
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Masters (2006) established a proxy record of sand beach accretion in Southern 
California for the past 10 ka using radiocarbon dates of Tivela stultorum, a common 
beach clam. This record reflects a ~7000 CYBP flux of sand, deposited into the Santa 
Barbara Littoral Cell resulting in the formation of sand beaches along the coastline 
(Masters, 2006). Dominant La Niña conditions from 7000 to 5000 CYBP (Moy et al., 
2002) brought oblique-to-coast wave energy, as a result of northwest wave direction 
from Aleutian low pressure systems, providing protection to drowned river valleys 
and the establishment of beaches at the mouth of estuaries and lagoons. These 
beaches isolated these systems from waves and ocean conditions. 
 The Tivela record shows a major transition in the Santa Barbara coast between 
4600 and 5000 CYBP when perennial sand beaches were lost or extensively depleted 
(Figure 13, Masters, 2006). This transition to more vulnerable estuary and lagoon 
environments coincides with the intensification of El Niño events (Figure 13) and 
floods in Southern California (Moy et al., 2002; Schimmelmann et al., 2003; Masters, 
2006). Storms track farther south during El Niño winters in Southern California 
compared to La Niña periods, generating higher waves and eroding established 
beaches (Ludka et al., 2016). This erosion may have led to an increase in ocean 
influence and marine disturbance within estuaries and lagoons as the baymouth 
barrier and beaches isolating them from the ocean were destroyed helping to establish 
the environments represented by facies SF1 (Figure 13). The period of less frequent 
El Niño events that followed from 4600 to 3800 CYBP as well as a contemporaneous 
reduction in the rate of sea-level rise may have allowed the redevelopment of beaches 
and the formation of barrier-bars in front of the estuaries, resulting in the transition to 
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calmer environments and the deposition of MSF and EF behind the barrier-bars 
(Masters and Flemming, 1983; Orme, 2002).   
 The ages of the beds of SF2 found in Las Salinas Lagoon at 1100 ± 200 and 
2200 ± 200 CYBP do not correlate with major pluvials or flood deposits recording in 
other southern California archives (Kirby et al., 2012; Moy et al., 2002; Du et al., 
2018).  This disagreement further supports a non-storm origin for the overwash 
processes responsible for the deposition of these beds, further supporting a tsunami 
origin for these beds. 
 
5.4) Intervals of storm recurrence 
Corroborating marine washover beds of SF2 with proxies of pluvial events in 
California (Kirby et al., 2012) and flood layers found within the Santa Barbara 
Channel (Du et al., 2018) we should expect large scale pluvials and floods to coincide 
with periods of SF2 deposition. The record from Bear Lake, CA (Kirby et al., 2012) 
records major pluvials at 476-500, 700-850, and 3000-3350 CYBP largely coinciding 
with the deposition of major flood layers in the Santa Barbara Channel at 400, 780, 
and 3380 CYBP (Du et al., 2018). SF2 deposits from Campus Lagoon and Las 
Salinas Lagoon dated to 388 ±41, 617 ± 105 and 3400 ±190 CYBP (Table 2) are 
broadly consistent with recorded pluvial episodes and flood deposits.  
Assuming all deposits of SF2 (including those from Las Salinas Lagoon) are the 
result of storm wave washover (Ockham’s razor), a recurrence interval may be 
established for storms similar or greater in magnitude than that experienced in 1861-
1862. Based on all deposits described, storms of this magnitude are hypothesized to 
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occur along the Santa Barbara coastline every 660 years (Figure 14); however, when 
calculating rates based on storm beds post 2000 CYBP, a recurrence interval of 320 
years is established. If the two SF2 beds from Las Salinas Lagoon that may represent 
tsunami deposits are not included, this recurrence interval is reduced to 1066 years, 
again shifting to a recurrence interval of 320 years post 550 CYBP.  This apparent 
doubling of the storm frequency may be a response to more frequent El Niño events 
as well as a climate regime comprised of consistent pluvials. The California 
recurrence interval of large storms, post 2000 CYBP, based on sediment layers in the 
Santa Barbara Basin (Du et al., 2018) as well as from tidal marshes in San Francisco 
Bay (Malamud-Roam and Ingram, 2004) is ~280 years (Dettinger and Ingram, 2013) 
(Figure 14). The similarity in recurrence intervals between our study and that of 
Dettinger and Ingram (2013) further suggests coastal estuarine and lagoon systems 
may provide valuable records of frequency of storms.  
 The distinct difference between recurrence intervals pre and post 2000 CYBP 
may be the result of two processes: A) Larger beaches, extending the shoreline farther 
seaward resulting in a higher threshold, with regards to the size of storms, for 
preservation to occur. B) A change in storm recurrence driven by climatic changes 
occurred along the West coast of North America. Future work should further 
investigate these two hypotheses to better understand the relationship between storm 
frequency and climate regime.  
 
5.5) Coastal Subsidence  
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The patterns of subsidence and uplift within Las Salinas and Campus Lagoons, 
respectively, fit their general geological settings.  Las Salinas Lagoon lies within a 
subsiding synclinal basin bound by three reverse faults (Mission Ridge Fault, Mesa 
Fault, and Cemetery Fault). A subsidence rate of 0.278 ± 0.75 m/kyr (Figure 12) fits 
this geological setting. Conversely, Campus Lagoon is found on the upthrown side of 
the More Ranch Fault within a stream valley incised in a MIS3 marine terrace 
(Gurrola et al., 2014). The uplift of the lagoon at a rate of 0.1 ± 0.9 m/kyr fits that 
general geological setting (Figure 2).    
 
5.6) Tectonic Implications 
The structure and fault systems of the SBFTB are still debated (Marshall et al., 
2017). Mechanical models (Marshall et al., 2017; Plesch et al., 2007) suggest that the 
subsurface geometry of the Pitas Point Fault is either of a “ramp” or “no-ramp” 
structure, which would induce uplift in discrete events or gradually, respectively. The 
two end member fault models predict different rupture scenarios during earthquakes 
and hence tsunami potentials. Models using a ramp geometry are capable of creating 
a significant tsunami while those with a no-ramp geometry are not (Ryan et al., 
2015).  If the two beds of SF2 deposits within Las Salinas Lagoon are the result of 
tsunami overwash, that would support models calling for a ramp geometry for the 
Pitas Point Fault. 
   
 
6) Conclusion 
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Nine cores from two lagoons along the Northern Santa Barbara Channel coast 
reveal aspects of the geological and environmental history of the region over the last 
4800 years. This study identified five sedimentary facies defining four depositional 
environments. Five major groups of sand beds were identified between the two 
lagoons, and were interpreted to represent multiple atmospheric river storms and 2 
possible tsunami events. These storm beds date to <149 CYBP, 388 ±41 CYBP, 617 
± 105 CYBP in Campus Lagoon and 3400 ±190 CYBP within both Campus and Las 
Salinas Lagoons, while beds at 1050 ± 200 CYBP and 2250 ± 300 CYBP within Las 
Salinas Lagoon lithologically similar to the aforementioned storm beds, are 
coincident with large earthquakes along the Pitas Point Thrust and may represent 
tsunami deposits. The frequency of overwash beds within Campus Lagoon suggests a 
recurrence interval of 660 years based on the assumption that all of the overwash beds 
represent storm washover, while a shift in the recurrence interval to 320 years, 
comparable to that of other Californian studies, is observed at 2000 CYBP. An 
across-system transition from a subtidal sandy lagoon (SF1) to a shallow lagoonal 
environment (MSF) likely represents the progradation of sand beaches and the 
establishment of barrier-bars and the creation of back-barrier estuaries along the 
Santa Barbara Channel in response to a transition from El Niño to La Niña dominant 
conditions and a reduction in the rate of sea-level rise around 4400 CYBP. Rapid 
transitions observed between facies in both lagoons suggest climate shifts between El 
Niño/La Niña frequency and possibly seismicity play roles as drivers of 
environmental change along the Santa Barbara Channel coastline. 
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Figure	  1:	  Digital	  elevation	  model	  (Gesch,	  2002)	  of	  the	  region	  surrounding	  the	  Santa	  Barbara	  Channel	  displaying	  the	  general	  location	  of	  the	  study	  sites	  (black	  boxes).	  	  	  Inset	  shows	  the	  location	  of	  the	  Santa	  Barbara	  Channel	  region	  with	  respect	  to	  the	  state	  of	  California.	  Major	  faults	  discussed	  in	  text	  are	  shown.	  MrR)	  More	  Ranch	  Fault.	  MR)	  Mission	  Ridge	  Fault.	  RM)	  Red	  Mountain	  Fault.	  PP)	  Pitas	  Point	  Fault.	  Fault	  locations	  are	  based	  on	  (Keller	  and	  Gurrola,	  2000).	  Dashed	  lines	  denote	  cross	  section	  locations	  for	  Figures	  2	  and	  3.	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Figure	  2:	  Map	  of	  the	  core	  locations	  (pink	  circles)	  within	  Campus	  Lagoon.	  See	  Figure	  1	  for	  general	  location.	  Lower	  cross	  section	  from	  Dibblee	  1966.	  Reference	  cross	  section	  from	  Figure	  1.	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  Figure	  3:	  A)	  Map	  showing	  core	  locations	  (pink	  circles)	  within	  the	  Andree	  Clark	  Bird	  Refuge	  of	  Las	  Salinas	  Lagoon.	  See	  Figure	  1	  for	  general	  location.	  B)	  Generalized	  Cross	  Section	  based	  on	  the	  surface	  fault	  map	  of	  B.L.	  Melosh	  &	  E.A.	  Keller	  2013.	  See	  Figure	  1	  for	  locations	  of	  faults.	  Fault	  labels	  are	  for	  Mesa	  Fault	  (MF)	  and	  Santa	  Barbara	  Cemetery	  Fault	  (CeF).	  Reference	  cross	  section	  from	  Figure	  1.	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Figure	  4:	  Photographs	  illustrating	  the	  major	  facies	  discussed	  in	  the	  text:	  	  (A) MSF,	  (B)	  SF1,	  (C)	  SF2	  overlying	  MFS,	  (D)	  EF,	  (E)	  SHF	  underlying	  facies	  EF.	  F)	  Zoom	  in	  of	  a	  subsampled	  section	  of	  SHF	  displaying	  fecal	  pellets	  surrounding	  a	  shell	  fragment	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Figure	  5:	  Quartz,	  Feldspar,	  Lithic	  ternary	  diagram	  for	  one	  modern	  environment,	  SF1,	  SF2,	  and	  MSF.	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   Figure	  6:	  Dip-­‐oriented	  cross-­‐section	  of	  Campus	  Lagoon	  hung	  on	  a	  datum	  relative	  to	  water	  depth	  to	  top	  of	  core.	  Opaque	  polygons	  denote	  correlations.	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Figure	  7:	  Cores	  descriptions	  from	  Las	  Salinas	  lagoon	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Figure	  8:	  Core	  lithology	  of	  Campus	  Lagoon	  (CL16-­‐01)	  accompanied	  by	  an	  age	  depth	  model,	  grain	  size	  data	  (by	  %),	  and	  isotope	  data.	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Figure	  9:	  Core	  log,	  age	  depth	  model,	  grain	  size,	  relative	  abundance	  of	  ions,	  CIA,	  δ13Corg	  (black,	  per	  mil),	  δ15N	  (blue,	  per	  mil),	  TOC	  (purple,	  wt%),	  TN	  (green,	  wt%)	  for	  Las	  Salinas	  Lagoon	  core	  AC15-­‐01.	  	  See	  Figure	  3	  for	  core	  location.	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Figure	  10:	  Core	  description,	  %C	  (Purple),	  C/N	  ratio	  (Green),	  δ13C	  (Black),	  δ15N	  (Blue)	  for	  three	  cores	  examined	  from	  Campus	  Lagoon.	  	  See	  Figure	  2	  for	  core	  locations.	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  Figure	  11:	  Cross	  plot	  of	  Carbon	  isotope	  values	  vs.	  Nitrogen	  isotope	  values	  from	  this	  study	  (Red)	  compared	  to	  those	  used	  to	  differentiate	  environment	  from	  (Cloern	  et	  al.,	  2002).	  Boxes	  highlight	  environments	  determined	  by	  (Cloern	  et	  al.,	  2002).	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  Figure	  12:	  	  Graph	  illustrating	  elevations	  of	  Cerithidea	  californica	  for	  Campus	  Lagoon	  (CL)	  and	  Las	  Salinas	  Lagoon	  (LSL)	  compared	  to	  the	  relative	  sea-­‐level	  curve	  of	  (Reynolds	  and	  Simms,	  2015).	  	  	  
	  Figure	  13:	  Correlation	  figure:	  a)	  Occurrence	  of	  SF2	  facies	  described	  in	  this	  paper.	  b)	  Occurrence	  of	  Tivela	  clam	  species	  in	  the	  Santa	  Barbara	  Cell	  over	  time	  (modified	  from	  (Masters,	  2006)).	  c)	  El	  Niño	  proxy	  record	  from	  Laguna	  Pallcacocha	  (modified	  from	  (Moy	  et	  al.,	  2002)).	  d)	  Emergence	  ages	  for	  marine	  terraces	  identifying	  earthquake	  activity	  along	  the	  Pitas	  Point	  Fault	  (Rockwell	  et	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al.,	  2016).	  	  e)	  Record	  of	  pluvial	  events	  from	  Lower	  Bear	  Lake,	  CA	  (Kirby	  et	  al.,	  2012).	  f)	  Record	  of	  turbidites	  (green)	  and	  storm	  flood	  deposits	  (grey)	  from	  the	  Santa	  Barbara	  Channel	  (Du	  et	  al.,	  2018).	  Blue	  Bars	  note	  correspondence	  between	  beds	  of	  SF2,	  Beach	  reduction,	  El	  Niño	  frequency,	  earthquake	  events,	  pluvial	  episodes	  from	  Lower	  Bear	  Lake,	  and	  storm	  deposits/turbidites	  from	  the	  Santa	  Barbara	  Channel.	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  Figure	  14:	  Ages	  of	  SF2	  deposits	  from	  this	  study	  (Blue)	  plotted	  throughout	  time	  accompanied	  by	  ages	  of	  hypothesized	  storm	  deposits	  from	  the	  Santa	  Barbara	  Basin	  (Green)	  (Du	  et	  al.,	  2018),	  sediment	  cores	  from	  a	  San	  Francisco	  Bay	  marsh	  (Beige)	  (Malamud-­‐Roam	  and	  Lynn	  Ingram,	  2004),	  and	  lacustrine	  sediment	  cores	  in	  the	  Sacramento	  Valley	  (Brown)	  (Sullivan	  et	  al.,	  2015).	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Number lab)code Core)ID Depth)interval 14C)age)(BP) Error CY)BP)(1950) 2)sigma)range)(years) material
1 186409 AC15H01 55 1.56)MF) 0.002 H19 1 Charcoal
2 186410 AC15H01 70 1580 20 1467 61 Charcoal
3 200620 AC15H01 102 10380 350 * * Charcoal
4 200621 AC15H01 180 3730 25 4082 64 Charcoal
5 186411 AC15H01 205 3410 80 3668 190 Charcoal
6 200622 AC15H01 230 2915 25 3055 100 Charcoal
7 200623 AC15H01 275 4585 25 4442 200 Carbonate
8 186288 AC15H01 330 3865 15 3490 150 Carbonate
9 200650 AC15H01 340 3955 20 3597 170 Carbonate
10 183701 AC15H02 70 1170 15 1107 86 Charcoal
11 186416 AC15H02 120 1960 40 1912 80 Charcoal
12 183704 AC15H02 173 2805 25 2908 60 Charcoal
13 183704 AC15H02 233 3835 15 4228 66 Charcoal
14 183705 AC15H02 255 3360 15 3603 40 Charcoal
15 183686 AC15H02 287 3820 20 4201 70 Charcoal
16 183687 AC15H02 300 3880 15 3506 140 Carbonate
17 183698 AC15H02 344 3830 15 3451 55 Carbonate
18 200624 CL13H01 50 145 30 149 48 Charcoal
19 200625 CL13H01 67 305 20 393 55 Charcoal
20 200626 CL13H01 115 520 25 534 76 Charcoal
21 5757 CL13H02 42 252 15 257 30 Charcoal
22 186414 CL13H02 60 650 90 617 105 Charcoal
23 200627 CL13H02 92 >54000 * * Charcoal
24 200629 CL13H02 150 4530 25 4745 92 Charcoal
25 200630 CL16H02 160 6620 35 * * Charcoal
26 5756 CL13H02 178 3860 15 4283 40 Charcoal
27 191118 CL14H01 14 690 30 659 31 Charcoal
28 191112 CL14H01 35 305 30 388 41 Charcoal
29 200632 CL14H01 50 580 20 607 35 Charcoal
30 191115 CL14H01 75 11260 70 * * Charcoal
31 191116 CL14H01 130 2035 30 1988 82 Charcoal
32 191117 CL14H01 160 3060 80 3257 200 Charcoal
33 183702 CL16H01 115 7930 260 * * Charcoal
34 200631 CL16H01 150 2445 45 2522 120 Charcoal
35 183700 CL16H01 238 4030 15 4473 63 Charcoal
36 191111 CL16H01 250 4080 250 4871 61 Charcoal
37 183697 CL16H02 110 2510 15 2581 47 Charcoal
38 200651 CL16H02 250 4470 25 4286 200 Carbonate
39 183690 CL16H02 285 4475 15 4293 120 Carbonate
40 183688 CL16H03 38 1.21)MF 0.002 H34 3 Charcoal
41 183689 CL16H03 45 850 15 756 30 Charcoal
42 183716 CL16H04 42 305 15 397 22 Charcoal 	  
	  
Table	  1:	  Raw	  and	  calibrated	  age	  data	  for	  cores	  presented	  and	  analyzed	  in	  this	  paper.	  The	  marine	  reservoir	  of	  217	  years,	  detailed	  in	  the	  methods	  section	  of	  this	  work,	  was	  used	  for	  all	  carbonate	  samples.	  Samples	  denoted	  with	  a	  *	  in	  any	  column	  were	  excluded	  from	  analysis	  due	  to	  large	  analysis	  error.	  	  	  	  
Facies Location Core-(s) Depth-(cm) Age-brackets-CYBP Bchron-Age
SF2 Campus-Lagoon CL13@01-,-CL13@03/04 35-@-55,-35-@-55 149-(48)-@-393-(22) *
SF2 Campus-Lagoon CL14@01,-CL13@02,-CL13@01-,-CL13@03/04 38-@-50,-20-@-50,-80-@-110,-58-@-75 393-(22)-@-617-(105) *
SF2 Las-Salinas-Lagoon AC15@01,-AC15@02 78-@-90,-50-@-63 modern-@1107-(86) 1050-(200)
SF2 Las-Salinas-Lagoon AC15@01,-AC15@02 180-@-200,-130-@-165 1912-(80)-@-2908-(60) 2250-(300)
SF2 CL-&-LSL- CL16@02,-CL13@02,-AC15@01,-AC15@02 160-@-240,-90-@-150,-230-@-260,-210-@-320 2581-(47)-@-4425-(108) 3400-(150)
SF1 CL-&-LSL AC15@01,-AC15@02,-CL13@02,-CL16@02,-CL16@01 350,-~320,-160,-270,-220 -4425-(88) 4400-(250) 	  Table	  2:	  	  List	  to	  assist	  with	  the	  chronology	  section	  of	  this	  manuscript.	  Beds	  of	  described	  facies	  are	  listed	  by	  location	  and	  as	  well	  as	  their	  position	  in	  cores.	  Age	  Brackets	  and	  Bchron	  age	  depth	  model	  ages	  are	  given	  for	  each	  bed.	  *	  in	  the	  bchron	  column	  denotes	  multiple	  beds	  of	  SF2	  within	  the	  age	  bracket.	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location core depth-in-core observed-RSL error-RSL age-CYBP error source
LSL AC15=01 3.4 0.8 0.45 3957 170 This-Study
LSL AC15=02 1.37 0.8 0.45 2000 200 This-Study
LSL AC15=02 2.97 0.8 0.45 3506 140 This-Study
CL CL13=02 1.8 0.8 0.7 4358 200 Simms-et-al-2016
CL CL16=02 2.5 0.8 0.7 4286 200 This-Study
location core actual-depth predicted-paleo-Sea-Level subsidence subsidence-rate-(mm) Estuary-Average error
LSL AC15=01 4.2 2.75 1.45 0.33 0.27 0.75
LSL AC15=02 2.17 1.75 0.42 0.21
LSL AC15=02 3.77 2.65 1.12 0.27
CL CL13=02 2.6 3.2 =0.5 =0.1 0 0.9
CL CL16=02 3.3 3.2 0.1 0.1 	  Table	  3:	  Ages	  of	  Cerithidea	  californica	  and	  calculated	  subsidence	  rates.	  	  *	  Denotes	  ages	  derived	  from	  Bchron	  age	  depth	  models.	  	  	  
Supporting	  Figures:	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Supporting	  Figure	  1:	  Core	  lithology	  of	  Campus	  Lagoon	  (CL13-­‐01)	  accompanied	  by	  an	  age	  depth	  model,	  grain	  size	  data	  (by	  %),	  and	  isotope	  data.	  	  	  
	  	  Supporting	  Figure	  2:	  Core	  lithology	  of	  Campus	  Lagoon	  (CL13-­‐02)	  accompanied	  by	  an	  age	  depth	  model	  and	  grain	  size	  data	  (by	  %).	  	  
	  Supporting	  Figure	  3:	  Core	  lithology	  of	  Campus	  Lagoon	  (CL14-­‐01)	  accompanied	  by	  an	  age	  depth	  model	  and	  grain	  size	  data	  (by	  %).	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  Supporting	  Figure	  4:	  Bchron	  age	  depth	  models	  for	  cores	  from	  Las	  Salinas	  Lagoon.	  Due	  to	  the	  determination	  of	  sediment	  accumulation	  as	  non-­‐linear	  (beds	  of	  SF2	  deposited	  instantaneously),	  those	  beds	  were	  “subtracted”	  from	  the	  core	  depth	  to	  better	  assign	  single	  ages	  to	  their	  occurrence	  as	  applied	  in	  (Wright	  et	  al.,	  2017)	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  Supporting	  Figure	  5:	  Raw	  XRF	  measurements	  from	  core	  scans	  of	  AC15-­‐01.	  (Ejarque,	  A.	  Personal	  Communication.)	  
	   62	  
	  Supporting	  Figure	  6:	  1852	  T-­‐sheet	  of	  the	  Santa	  Barbara	  coastline	  detailing	  paleo-­‐creek	  locations	  relative	  to	  Las	  Salinas	  Lagoon	  pre-­‐modification.	  (San	  Francisco	  Estuary	  Institute)	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  Supporting	  Figure	  7:	  1870	  T-­‐sheet	  of	  the	  Santa	  Barbara	  Basin	  coastline	  West	  of	  Pelican	  Point	  (Campus	  Point),	  detailing	  beach	  and	  marine	  terrace	  features	  relative	  to	  Campus	  Lagoon	  pre-­‐development	  and	  modification.	  (San	  Francisco	  Estuary	  Institute)	  	  	  
